A mechanical insult to the brain drastically alters the microenvironment as specific cell types become reactive in an effort to sequester severely damaged tissue. Although injuryinduced astrogliosis has been investigated, the relationship between well-defined biomechanical inputs and acute astrogliotic alterations is not well understood. We evaluated the effects of strain rate on cell death and astrogliosis using a three- . We found that cell death and astrogliotic profiles varied differentially based on strain rate at 2 days post-insult. Significant cell death was observed after moderate (10 s ) loading. The vast majority of cell death occurred in neurons, suggesting that these cells are more susceptible to high rate shear strains than astrocytes for the insult parameters used here. Injury-induced astrogliosis was compared to co-cultures treated with transforming growth factor β, which induced robust astrocyte hypertrophy and increased glial fibrillary acidic protein (GFAP) and chondroitin sulfate proteoglycans (CSPGs). Quasi-static loading resulted in increased cell density and CSPG secretion. Moderate rate deformation increased cell density, GFAP reactivity, and hypertrophic process density. High rate deformation resulted in increased GFAP reactivity; however, other astrogliotic alterations were not observed at this time-point. These results demonstrate that the mode and degree of astrogliosis depend on rate of deformation, demonstrating astrogliotic augmentation at sub-lethal injury levels as well as levels inducing cell death. 
1.
Introduction Traumatic brain injury (TBI) initiates complex physical and biochemical alterations that drastically alter the microenvironment, ultimately limiting regenerative capabilities. A perturbation to neural homeostasis may induce a potent reactive response resulting in the formation of the glial scar, a physical and chemical barrier formed in an attempt to isolate injured tissue from the penumbra. The post-insult reactive response involves the recruitment/activation of many cell types including astrocytes, macrophages, microglia, oligodendrocytes, and meningeal cells, ultimately coalescing into the glial scar (Fawcett and Asher, 1999; McGraw et al., 2001) . The formation of a glial scar appears to have short-term positive effects following neurotrauma as it may decrease the extent of tissue damage through localization of the inflammatory response and re-establishment of the blood-brain barrier (Bush et al., 1999) . However, the chronic glial scar, consisting primarily of a tightly interwoven meshwork of hypertrophic astrocytes and their processes, ultimately hinders regeneration as it contains specific extracellular matrix (ECM) components that have been shown to be inhibitory to neurite outgrowth (McKeon et al., 1995 (McKeon et al., , 1999 Asher et al., 2000) . Reactive astrogliosis is one of the major hallmarks of the glial scar and involves increased expression of intermediate filaments (e.g., glial fibrillary acidic protein (GFAP)), hypertrophy, hyperplasia, and increased matrix production/secretion (e.g., chondroitin sulfate proteoglycans (CSPGs) and laminin) (Fawcett and Asher, 1999; Morgenstern et al., 2002) . Several signaling molecules that induce or amplify the astrogliotic response have been identified, such as cytokines (e.g., fibroblast growth factor (FGF) (Li et al., 1997) ; transforming growth factor beta (TGF-β) (Logan et al., 1994; Moon and Fawcett, 2001) ) and/or nucleotides (e.g., adenosine triphosphate (ATP) (Neary et al., 2003 (Neary et al., , 2006 ), however, an improved understanding of the complex mechanisms underlying the induction of reactive astrogliosis and chronic glial scarring may eventually lead to strategies for repair and regeneration.
The reactive astrogliotic environment and chronic glial scar have been extensively characterized using a range of systems. In vivo studies of brain and spinal cord injury have characterized the time-course and degree of inflammation and reactive astrogliosis, providing insight into the physiology of reactive astrocytes and associated matrix alterations (Mathewson and Berry, 1985; Janeczko, 1989; Cervos-Navarro and Lafuente, 1991; Fitch et al., 1999; McKeon et al., 1999; Goussev et al., 2003; Moon et al., 2004) . Such in vivo models aid in characterizing the complex reactive astrogliotic response; however, the distinction between causative factors and epiphenomena surrounding the isolation of induction mechanisms remains challenging. In vitro models offer a high degree of experimental control, providing the ability to impart defined mechanical inputs and assess the resulting cellular alterations. Direct strain transfer to astrocytes may be an initiating factor for astrogliotic alterations via mechanosensation or mechanotransduction, the process by which cells convert mechanical stimuli into changes in intracellular biochemical signaling (Guharay and Sachs, 1984; Bowman et al., 1992; Ingber, 1997; Alenghat and Ingber, 2002; Kamm and Kaazempur-Mofrad, 2004) . Mechanosensitive elements may directly affect ion homeostasis in astrocytes. For instance, direct strain to astrocytes has been shown to increase cytosolic calcium from both extracellular and intracellular sources, which increased with more severe insults; however, these experiments did not independently isolate the effects of strain and strain rate (Rzigalinski et al., 1998; Floyd et al., 2001; Neary et al., 2003) . Additionally, mechanical stress may open stretch-activated ion channels, leading to increased intracellular calcium (Bowman et al., 1992; Rzigalinski et al., 1998; Floyd et al., 2005) . Thus, astrocytes may possess mechanisms to directly respond to mechanical stress and the associated deformation in both physiological and pathophysiological settings. There is likely a continuum of astrocytic responses to mechanical perturbation ranging from transient reactivity to cell death; therefore, there is a critical need to elucidate tolerances to traumatic loading in order to develop mechanistically driven intervention strategies.
Although previous studies in both in vitro and in vivo models have reported a robust astrogliotic response proportional to injury severity, the relationships between biomechanical inputs and the resulting astrocytic responses are not well-defined. Accordingly, we hypothesized that strain rate influences cellular responses following mechanical injury, resulting in varying degrees of cell death and astrogliotic alterations. To test this hypothesis, we utilized a wellcharacterized in vitro injury model in which shear deformation was imparted to thick (N500 μm) three-dimensional (3-D) neuronal-astrocytic co-cultures at a prescribed strain rate and magnitude (LaPlaca et al., 2005; Cullen and LaPlaca, 2006) . This in vitro injury model reduces some of the complexity associated with in vivo experiments, thus minimizing potentially confounding variables and facilitating more direct investigation of the effects of mechanical insult severity. This in vitro system models key elements of mechanical trauma in vivo due to the 3-D architecture of the system, appropriate to generate complex, heterogeneous biomechanics (Cullen and LaPlaca, 2006) and the multi-cellular composition (i.e., neuronal and astrocytic). After subjecting 3-D cocultures to mechanical deformation at various strain rates, we evaluated cell viability, cell density, astrogliotic parameters (e.g., hypertrophy, GFAP expression), and ECM alterations (e.g., CSPG expression). Our findings demonstrate that the level of cell death as well as the mode and degree of astrogliosis depend significantly on strain rate, thus implicating this biomechanical parameter in astrocytic mechanotransduction.
Results

Cell viability following mechanical loading or TGF-β1 treatment
At 21 days in vitro (DIV) 3-D neuronal-astrocytic co-cultures were subjected to static control conditions and TGF-β1 treatment or subjected to variable rate shear deformation using the 3-D cell shearing device (CSD) (Fig. 1) . Two days following deformation, viability, total cell density, and dead cell density were each found to depend significantly on strain rate (p < 0.05) (Fig. 2) . Specifically, the highest rate deformation
) resulted in a significant reduction in culture viability (p < 0.05). However, there was not a statistically significant change in the percentage of viable cells from either the quasistatic deformation (1 s − 1 ) or the moderate rate deformation regime (10 s − 1 ) compared to controls (Fig. 2F ). TGF-β1 treatment had no effect on culture viability compared to controls. Although there was an increasing trend in overall cell density in all groups versus controls, these increases were only statistically significant for the quasi-static (p < 0.001) and moderate rate (p < 0.01) deformation regimes ( Fig. 2G) , suggesting a proliferative response initiated by mechanical deformation over a range of loading rates. Due to this increase in cell density, it was possible that detrimental effects on culture viability due to the mechanical insult were masked when calculating the percentage of viable cells. Accordingly, the density of dead cells was analyzed, revealing that there was a significant increase in the dead cell density following both moderate and high rate deformations (p < 0.05) (Fig. 2G ). These results demonstrate changes in cell death and cell density in a strain rate-dependent manner, as a low strain rate (1 s
) led to increased cell density, suggesting a hyperplasic response, whereas a high strain rate (30 s ) caused cell death in a subpopulation, with a concurrent hyperplasic response.
Determination of neuronal versus astrocytic cell death
A TUNEL assay was performed to label DNA strand breaks, indicating cell death, in conjunction with immunocytochemistry (GFAP, astrocyte marker; MAP-2, neuron marker) to identify the phenotype of live and dead cells at 2 days post-insult. Confocal and two-photon imaging revealed that the majority of TUNEL + cells were also immunopositive for MAP-2, with a paucity of double labeling with GFAP. These observations indicate that the majority of cell death was restricted to the neuronal population within the co-cultures (Fig. 3) . Similar results were observed following both moderate and high rate deformation, suggesting that neurons have a lower biomechanical threshold for cell death compared to astrocytes for shear strain insults.
Establishment of astrogliotic markers
Astrocyte reactivity and increases in CSPG expression have been well-documented following in vivo injury; however, these responses required validation in our in vitro co-culture system. Co-cultures were subjected to longer-term TGF-β1 treatment (from 21 to 36 DIV) as a positive pro-astrogliotic control environment or left as untreated controls. At 36 DIV, co-cultures were immunolabeled for GFAP and CSPGs. This . Neuronal-astrocytic co-cultures in 3-D were plated throughout the thickness of a bioactive matrix and were laterally constrained by an elastomer mold. Shear deformation of the elastomer mold and cell-embedded matrices was induced through horizontal displacement of the cell chamber top plate, which was coupled to the linear actuator (B). Input to the system was a symmetrical trapezoidal input to a constant displacement (corresponding to 0.50 bulk shear strain) at strain rates of 1, 10 or 30 s − 1 (corresponding to rise times of 500, 50 or 16.7 ms, respectively; hold time was held constant at 5 ms) (C).
longer-term TGF-β1 treatment induced dramatic alterations in astrocytic process density and hypertrophy compared to untreated controls (Figs. 4A, B). Furthermore, there were stark increases in CSPG accumulation in TGF-β1 treated cultures versus controls (Figs. 4C, D) . This established specific outcome measures (astrocytic hypertrophy and CSPG expression) for subsequent experiments and validated the use of TGF-β1 as a positive control for induction of reactive astrogliosis, which is consistent with previous reports (Logan et al., 1994) .
Astrocyte hypertrophy following mechanical loading or TGF-β1 treatment
Co-cultures were immunolabeled for GFAP with a nuclear counterstain at 2 days post-insult to assess the overall density of astrocytic processes and the density of hypertrophic processes. There was increased GFAP reactivity (intensity and process density) following TGF-β1 treatment and mechanical deformation compared to controls (Fig. 5 ). Both TGF-β1 shown green and nuclei of dead cells shown red; scale bar = 50 μm). High rate deformation resulted in a significant reduction in culture viability * ( p < 0.05) while quasi-static deformation or TGF-β1 treatment had no effect on culture viability (F). Furthermore, there was a significant increase in cell density following mechanical loading at low and moderate strain rates compared to controls † ( p < 0.05), suggesting a hyperplasic response. There was also a significant increase in the density of dead cells following moderate and high rate deformation compared to control cultures ‡ ( p < 0.05). ) induced significant alterations in the density of hypertrophic processes ( p < 0.05) (Fig. 5F ). The density of cell nuclei also increased following deformation versus controls, corroborating the earlier results obtained using 3-D confocal microscopy ( p < 0.05). There was a modest increase in the density of hypertrophic processes following quasi-static and high rate loading; however, these changes were not statistically significant. However, there was a significant increase in the density of hypertrophic processes following high rate deformation versus controls by 5 days post-insult (data not shown). The severity of high strain rate loading may influence the apparent lag in the increase in hypertrophic process density, thus necessitating recovery time for the process density to increase beyond pre-injury levels.
CSPG expression following mechanical loading or TGF-β1 treatment
Matrix alterations characteristic of reactive astrogliosis were evaluated following mechanical loading or TGF-β1 treatment using a general immunomarker for CSPGs and a quantitative assay to detect CSPGs in the medium surrounding the cellcontaining matrices. At 2 days post-insult, the matrix content Fig. 5 -Astrocyte GFAP reactivity and hypertrophy following mechanical deformation or TGF-β1 treatment. Co-cultures immunolabeled for GFAP (red) with nuclear counterstain (blue) at 2 days following control (A), TGF-β1 (B), quasi-static (C), moderate rate (D) and high rate (E) deformation (scale bar = 20 μm) revealed increased GFAP reactivity and process density following TGF-β1 treatment and deformation. TGF-β1 treatment and moderate rate deformation induced significant increases in the density of hypertrophic processes at this time-point compared to control cultures * (p < 0.05) (F).
of CSPGs increased following TGF-β1 treatment compared to controls ( p < 0.001) (Fig. 6 ). Although CSPG deposition was observed adjacent to hypertrophic GFAP processes following mechanical loading (Figs. 6D-F) , there was no overall increase in CSPG accumulation for any of the loading regimes at this time-point. In addition, the matrix content of neurocan increased following treatment with TGF-β1, but such alterations were not apparent following mechanical loading (data not shown). When the total CSPG content in the medium was assessed, increases of 53.4% and 83.8% were found following TGF-β1 treatment and quasi-static deformation, respectively (p < 0.05) (Fig. 6H) . The CSPG content in the medium remained near baseline levels following moderate and high rate deformation. Thus, quasi-static deformation and TGF-β1 ; cultures were immunolabeled for CSPGs (red) and GFAP (green) with nuclear counterstain (blue). GFAP + hypertrophic astrocytes (green) (D) were observed adjacent to CSPGs (red) (E); overlay of previous two photomicrographs (F) following mechanical loading (scale bar = 10 μm). There was a significant increase in CSPG deposition in the matrix following TGF-β1 * (p < 0.001) (G). There were also significant increases in the CSPG content in the medium following quasi-static (1 s − 1 ) deformation and TGF-β1 treatment compared to controls * (p < 0.05). PG= proteoglycan; GAG= glycosaminoglycan (H). treatment resulted in increased CSPG secretion, whereas moderate and high rate loading did not significantly alter CSPG expression at this time-point.
Discussion
The goal of this study was to evaluate neural cell death and reactive astrogliosis as a function of strain rate (for large magnitude shear strain) to better understand tissue responses to mechanical loading associated with TBI. The loading parameters we utilized are consistent with injury thresholds associated with acceleration-deceleration loading, where diffuse strain patterns may have magnitudes of 0.10-0.50 at strain rates of 10-50 s − 1 (Margulies and Thibault, 1989; Margulies et al., 1990; Meaney et al., 1995) . Specifically, we evaluated cell viability and markers of astrogliosis in mature 3-D neuron-astrocyte co-cultures subjected to a range of mechanical loading regimes (0.50 strain at 1, 10 or 30 s − 1 strain rate), TGF-β1 treatment (a factor inducing astrogliosis (Logan et al., 1994) ) or control conditions, revealing that cell death and specific astrogliotic alterations were dependent on strain rate. Co-cultures subjected to quasi-static loading (1 s
) produced changes that were potentially within a physiological response range, including increased cell density and CSPG secretion with no significant cell death, demonstrating that sub-lethal deformations can induce astrogliotic alterations. The observed increase in cell density at this sub-lethal deformation level was likely due to a hyperplasic astrocytic response initiated within hours of the mechanical insult, as previously described following mechanical injury (Li et al., 1997; Muir et al., 2002; Neary et al., 2006 ) decreased cell viability with no increase in cell density or CSPG accumulation, perhaps indicating that this mechanical injury was too severe to induce characteristic astrogliotic alterations by this time-point. Interestingly, cell death following moderate or high rate deformation was predominantly neuronal, indicating that astrocytes may be more resilient to diffuse shear strains than neurons, and thus less likely to initiate pathways leading to cell death. Collectively, these results indicate that neural cells are sensitive to strain rate for the case of large magnitude deformation.
The observed increases in astrocyte reactivity and hypertrophy were consistent with other studies evaluating the astrocytic response to mechanical injury, which demonstrated that a central event of astrogliosis was enhanced GFAP expression with associated hypertrophy (Li et al., 1997; Muir et al., 2002) . However, matrix-bound CSPG accumulation following mechanical loading was not observed to the degree of that seen following TGF-β1 treatment, potentially due to differences in the reactive responses based on the mode of induction or insult severity. Taken together, these results suggest that the rate of deformation imparted to neuronalastrocytic co-cultures at least partially dictates the cellular response, encompassing astrogliotic alterations and cell death, depending on the severity of the loading parameters, as proposed in Fig. 7 . Specifically, at relatively low magnitude, low strain rates, such as those that may be experienced under physiological conditions due to typical fluctuations in intracranial pressure or tissue swelling/settling, may produce little or no cellular response. However, as the insult severity increases, high magnitude deformation, not normally experienced by the CNS, induces reactive astrocytic responses when applied at low rates, whereas moderate strain rates may surpass cellular thresholds and result in significant neuronal cell death with a concurrent astrocytic reactive response. Moreover, large magnitude, high rate loading parameters induce significant neuronal death, but may be too severe to result in a programmed reactive response in astrocytes.
The strain rates chosen for this study ranged from sublethal to severe levels (LaPlaca et al., 2005; Cullen and LaPlaca, 2006) . This distinction permitted the assessment of the effects of a direct mechanical insult with and without local cell death on astrogliotic induction in a 3-D environment. It should be noted that strain inputs were based on bulk displacement of 3-D cell-containing matrices; however, as we have previously shown, local cellular strain manifestation is complex and heterogeneous as a function of cell orientation within the matrix (Cullen and LaPlaca, 2006) . Similarly, our outcome measures were based on cumulative culture alterations, and we cannot rule out cell-specific changes following loading that did not alter aggregate outcome measures. Nonetheless, the relative alterations in cell viability following the loading regimes used in this study are consistent with those following both in vivo and in vitro models of neural trauma (Gennarelli et al., 1982; Ellis et al., 1995; Meaney et al., 1995; Ahmed et al., 2000) . Strain rate-dependent responses to mechanical loading have previously been reported for neural cells (Ellis et al., 1995; Cargill and Thibault, 1996; LaPlaca et al., 1997 LaPlaca et al., , 2005 Geddes and Cargill, 2001 ), but this is the first report of such a response in neural co-cultures based on 3-D biomechanical inputs. Fig. 7 -Postulated astrocytic responses based on mechanical insult severity. Conceptual framework describing a proposed continuum in astrocytic response based on insult severity, ranging from reactive astrogliosis (i.e., programmed physiological response) to necrotic/apoptotic cell death (e.g., surpassing biophysical thresholds).
Models consisting of multiple neural cell types grown in 3-D may maintain many positive aspects of in vitro modeling while more closely approximating the cellular heterogeneity and cytoarchitecture of the brain. In vitro models provide a simplified experimental paradigm that can be used to remove some potentially dominant systemic influences of astrogliotic induction (e.g., compromise of the blood-brain barrier), permitting evaluation and manipulation of specific facets of the reactive response in a controlled setting. Previous models for the in vitro investigation of specific astrogliotic induction mechanisms following mechanical trauma have utilized 2-D culture systems, which may fail to fully capture certain physiologically relevant induction mechanisms, such as ECM-bound factors, elements of autocrine/paracrine signaling, and the influence of other neural cell types. Astrocytes and neurons have an intricate coupling as astrocytes provide physical and metabolic support by providing trophic factors, maintaining balanced energetics/metabolism, guiding neurite outgrowth and regulating the synaptic microenvironment (Ullian et al., 2001; Tsacopoulos, 2002) . Following trauma, astrocytes have the potential to rescue and protect neurons by producing and secreting neurotrophic factors and reducing intracellular neuronal calcium currents (McIntosh et al., 1999; Vivien and Ali, 2006) . The presence of neurons may also affect astrocytic responses such as neurotrophin production and proliferation (Hatten, 1987; McIntosh et al., 1999) . Thus, the in vitro model used here provides an intermediate degree of complexity between in vivo and 2-D in vitro systems by representing neuronal-astrocytic interactions in a 3-D architecture that can be subjected to defined biomechanical inputs. Thus, this co-culture system is well-suited for the investigation of cellular tolerances to mechanical injury, which can be explored based on the overall injury parameters (e.g., strain magnitude and rate), the 3-D local cellular strain manifestation (Cullen and LaPlaca, 2006) and the presence of various neural cell types, an analysis currently not possible with other models of neural trauma. Establishing such tolerances may be beneficial in understanding the pathophysiology of trauma as a function of specific loading parameters, hence leading to more directed therapeutic targets as well as preventative measures.
The strain rate-dependent astrogliotic alterations observed in this study may be explained by a number of mechanisms, including mechanotransduction or biochemical induction pathways. Mechanotransduction may be initiated by any number of mechanisms, including deformation of stretchactivated ion channels or activation of integrin-mediated signaling pathways. In support of this concept, it has previously been noted that the spatiotemporal profile of the astrogliotic response is correlated with the distribution of mechanical stress throughout the brain (Mathewson and Berry, 1985) . In addition, the morphology of astrocytes, comprised of numerous long processes arranged in a meshwork throughout the brain, presents an ideal architecture for the detection of mechanical disturbances (Ostrow and Sachs, 2005) . Stretch-activated ion channels in astrocytes become permeable to cations when mechanical force is applied (Bowman et al., 1992) . Astrocytic mechanotransduction may also involve integrins, transmembrane proteins linking cells to ECM that, when physically deformed, activate intracellular signaling pathways regulating the activity of enzymes which may result in changes in gene expression to ultimately modify cellular behavior (Roskelley et al., 1994; Sjaastad et al., 1994; Hamill and Martinac, 2001; Ko and McCulloch, 2001; Alenghat and Ingber, 2002; Cavalcanti-Adam et al., 2005) . Although the role of integrin-ECM adhesions in mechanotransduction has been well-characterized in other cell types (Katsumi et al., 2004) , a link between integrin-mediated astrogliotic alterations and biomechanical inputs has not been established. However, integrins have been shown to play a significant role in astrocyte migration and proliferation (Etienne-Manneville and Hall, 2001; Nishio et al., 2005) , suggesting that mechanical stimulation of these receptors may contribute to the astrogliotic response to mechanical injury. Although our results demonstrate a strain rate dependence in astrogliotic responses, the role of mechanotransduction as it relates to TBI has not been wellstudied and will require further investigation.
Biochemical astrogliotic induction pathways may also contribute to the strain rate-dependent responses observed in this study. For instance, necrotic cell death or disruptions in the plasma membrane may result in the release of glutamate and ATP, which have been shown to induce astrogliosis through receptor binding and subsequent initiation of signaling pathways (Franke et al., 1999; Ahmed et al., 2000; Floyd et al., 2001 Floyd et al., , 2004 Neary et al., 2003 Neary et al., , 2006 . Therefore, the strain rate-dependent cell death may partially explain the variable astrocytic response at the strain rates evaluated. However, astrogliotic changes were observed at low strain rates (1 s − 1 ) which did not produce significant cell death, suggesting that local cell death is not necessary for initiating pathophysiological responses in astrocytes. Activation of extracellular signalregulated protein kinase (ERK), a key regulator of cellular proliferation and differentiation, has also been reported at acute time-points post insult (Neary et al., 2003) . Furthermore, bFGF and ATP have been implicated in astrogliotic induction as autocrine/paracrine signaling molecules following mechanical injury (Li et al., 1997; Neary et al., 2003) . Thus, astrogliotic induction mechanisms may involve a combination of primary mechanosensitive modalities (e.g., receptor stimulation and calcium influx) as well as secondary biochemical mechanisms such as autocrine/paracrine signaling involving positive-feedback release of astrogliosis-inducing factors such as bFGF and ATP.
Although initiated through different events, mechanotransduction and biochemical induction may have some similarities, and future work may elucidate potentially convergent or divergent elements of signaling pathways. However, a similar initiating factor may involve local increases in intracellular calcium. Previous studies of 2-D stretch injury in astrocytes have demonstrated transient increases in intracellular calcium from extracellular and intracellular sources (Rzigalinski et al., 1998; Floyd et al., 2001; Neary et al., 2003) . Activation of Group I metabotropic glutamate receptors, altered inositol phosphate production and uncoupling of the phospholipase C signaling pathway have been reported as acute events in astrocytic dysfunction following trauma (Floyd et al., 2001 (Floyd et al., , 2004 . Also, increases in intracellular calcium have been linked to mitochondrial dysfunction and ATP release (Ahmed et al., 2000) . Thus, the consequences of increased intracellular calcium concentrations are broad and may cause a range of aberrant down-stream signaling events.
In summary, this study utilized a well-controlled, 3-D in vitro model to investigate alterations in cell viability and specific astrogliotic parameters following mechanical loading. This is the first report indicating that the mode and degree of astrogliotic induction depend on strain rate under conditions of high magnitude strain, demonstrating that neural cells are sensitive to this biomechanical parameter. This model exhibited localized neuronal cell death and markers of astrogliosis and presents the unique capability to control these responses based on biomechanical input. This system may be further exploited as an in vitro test bed to investigate mechanisms of injury-induced biochemical alterations as well as potential therapeutic targets for prevention of widespread cellular dysfunction, death and neurodegeneration following neural trauma.
4.
Experimental procedures
Isolation of primary cortical neurons and cortical astrocytes
All procedures involving animals were approved by the Institutional Animal Care and Use Committee (IACUC) of the Georgia Institute of Technology. All reagents were purchased from Invitrogen (Carlsbad, CA) unless otherwise noted. Primary cortical neurons (embryonic day 17) and cortical astrocytes (postnatal day one) were harvested from Sasco Sprague-Dawley rats (Charles River, Wilmington, MA). To harvest cortical neurons, timed-pregnant dams were anesthetized using halothane (Halocarbon, River Edge, NJ) and rapidly decapitated. The uterus was removed by Caesarian section and placed in Ca 2+ -and Mg
2+
-free Hanks Balanced Salt Solution (HBSS). Each fetus was removed from the amniotic sac, rapidly decapitated, and the brains removed. The cerebral cortices were isolated and the hippocampal formations were removed. To dissociate the tissue, prewarmed trypsin (0.25%) + 1 mM EDTA was added for 10 min at 37°C. The trypsin-EDTA was then removed and DNase I (0.15 mg/mL; Sigma, St. Louis, MO) in HBSS was added. The tissue was triturated with a flame-narrowed Pasteur pipet and then centrifuged at 1000 rpm for 3 min after which the supernatant was aspirated and the cells were resuspended in co-culture medium (Neurobasal medium + 2% B-27 + 1% G-5 + 500 μM L-glutamine).
For astrocyte harvest, postnatal pups were anesthetized using halothane and rapidly decapitated. The brains were removed and the cerebral cortices isolated as described above. Upon isolation, cortices were minced and pre-warmed trypsin-EDTA was added and placed in at 37°C for 5 min. DNase was added and the tissue was triturated using a flame-narrowed Pasteur pipet. Medium was added (DMEM/ F12 + 10% FBS) and the cells were centrifuged (1000 rpm, 3 min) after which the supernatant was aspirated. Cells were resuspended in DMEM/F12 + 10% FBS and transferred to T-75 tissue culture flasks. A nearly pure population of type I astrocytes was isolated according to procedures described elsewhere (McCarthy and de Vellis, 1980) . Briefly, at various time-points over the first week in culture, the flasks were mechanically agitated to dislodge less adherent cell types. As the cells approached ∼90% confluency they were resuspended using trypsin-EDTA, centrifuged and replated at a density of 300 cells/mm 2 . Astrocytes were used between passage 4 and 12 for the generation of 3-D cultures to permit phenotypic maturation.
3-D primary cortical neuronal/secondary cortical astrocytic co-cultures
Co-cultures were plated using neurons and astrocytes that were separately isolated and dissociated (as described above) in custom-made cell culture chambers consisting of a glass coverslip below a circular silicone-based elastomer mold (Sylgard 184 and 186, Dow Corning; Midland, MI; crosssectional area = 2 cm 2 ). Prior to plating, the chambers were pre-treated with 0.05 mg/mL poly-L-lysine (PLL, Sigma) followed by Matrigel (0.5 mL/well at 0.6 mg/mL, Becton Dickinson Biosciences; Bedford, MA) in Neurobasal medium (each treatment was N4 h). Co-cultures were plated within Matrigel matrix, which exhibits fluid-like behavior at 4°C to permit homogeneous dispersion of dissociated cells throughout matrix material (2500 cells/mm 3 , 1:1 neuron:astrocyte ratio, final Matrigel concentration 7.5 mg/mL, 500-750 μm thickness). Cultures were subsequently incubated at 37°C to permit matrix gelation and 3-D cell entrapment (Kleinman et al., 1986) , after which 0.5 mL of co-culture medium was added to each well. Cultures were maintained at 37°C and 5% CO 2 -95% humidified air, and medium was exchanged at 24 h post-plating and every 2 days thereafter. This co-culture system has previously been characterized, demonstrating high viability (approximately 95%) at 21 DIV. Also by 21 DIV, the percentage of neurons relative to the total cell population in co-culture had reduced to approximately 10%, possibly a function of astrocyte proliferation or an indication of neuronal death during culture development (unpublished observations).
4.3.
Mechanical loading using the 3-D cell shearing device
Neuronal-astrocytic co-cultures were mechanically loaded using the 3-D CSD, a custom-built electromechanical device capable of reproducibly imparting high strain rate shear deformation to 3-D cell-containing matrices (LaPlaca et al., 2005) . At the time of injury, cultures were removed from the incubator and mounted within the 3-D CSD. The mechanical action of the device was driven by a linear-actuator (BEI Kimco; San Marcos, CA) coupled to a custom-fabricated digital proportional-integral-derivative controller (25 kHz sampling rate, 16 bit sampling resolution) with closed-loop motion control feedback from an optical position sensor (RGH-34, 400 nm resolution; Renishaw, New Mills, United Kingdom). A trapezoidal input was generated by code written in LabVIEW ® (National Instruments; Austin, TX). Lateral motion of the cell chamber top plate with respect to the fixed base of the cell chamber imparts simple shear deformation to the elastically contained 3-D cell-containing matrices (Fig. 1) . At 21 DIV, 3-D co-cultures were deformed to a strain magnitude of 0.50 at strain rates of 1, 10 or 30 s − 1 or left as control cultures (uninjured/static control). After mechanical deformation, warm medium was added and the cultures were returned to the incubator.
4.4.
Cytokine treatment
Beginning at 21 DIV, a subset of co-cultures were treated with transforming growth factor beta 1 (TGF-β1, 10 ng/mL) diluted in co-culture medium. These cultures were designed to serve as a positive reactivity control as this cytokine has previously been found to induce specific alterations consistent with astrogliosis (Logan et al., 1994) .
Cell viability
Cell viability was assessed using fluorescent probes for distinguishing live and dead cells. Cell cultures were incubated with ethidium homodimer-1 (4 μM) and calcein AM (2 μM) (Molecular Probes, Eugene, OR) at 37°C for 30 min and then rinsed with 0.1 M Dulbecco's Phosphate-Buffered Saline. At 23 DIV (2 days following experimental treatment), coculture viability was assessed following control conditions, TGF-β1 treatment and mechanical loading at 1, 10 and 30 s 
Immunocytochemistry and TUNEL staining
Fluorescent staining was used to assess astrogliotic alterations (e.g., astrocyte hypertrophy/reactivity and matrix alterations) as well as the phenotype of dead or dying cells (TUNEL + ). Briefly, 3-D neuronal-astrocytic co-cultures were fixed with 3.7% formaldehyde (Fisher, Fairlawn, NJ) for 60 min and then placed in 30% sucrose (Sigma) overnight at 4°C. Co-cultures were then placed in OCT Embedding Compound (Sakura, Tokyo, Japan), flash frozen in liquid nitrogen, sectioned on a cryostat (20 μm thick), and mounted on glass slides. Sections were rinsed in PBS and permeabilized using 0.1% Triton X100 (Kodak, Rochester, NY) + 8% goat serum for 60 min. Fluorescent TUNEL staining was performed in a subset of sections using a commercially available kit (TMR red in situ cell death detection kit; Roche Applied Science, Indianapolis, IN). Briefly, sections were incubated at 37°C for 1.5 h in a solution consisting of a 1:100 ratio of terminal transferase and TMR-dUTP, thus binding a fluorescent probe to free 3′ OH ends of DNA. Primary antibodies were added (in PBS + 0.1% Triton X100 + 2% serum) overnight at 4°C in a humidified chamber. After rinsing, the appropriate secondary fluorophore-conjugated antibodies (FITC or TRITC-conjugated IgG, Jackson Immuno Research or Alexa 488, 546 or 633-conjugated IgG or IgM, Molecular Probes) were added (in PBS + 2% serum) for 2 h at 18-24°C in a humidified chamber. Sections were immunostained using primary antibodies recognizing glial fibrillary acidic protein (GFAP) (AB5804, 1:400; MAB360, 1:400, Chemicon), an intermediate filament expressed by astrocytes (Debus et al., 1983) , MAP-2 (AB5622, 1:1000, Chemicon), a microtubule-associated protein expressed by neurons, and CS-56 (C8035, 1:100, Sigma), a general CSPG marker (n = 3-6 per group per marker; each sample stained in triplicate). Counterstaining was performed using Hoechst 33258 (1:1000, Molecular Probes).
To control for non-specific antibody binding, control sections were stained only with secondary (fluorescent) antibodies to establish specificity of acquired fluorescence in experimental samples. Co-localization of TUNEL with neurons and/or astrocytes was assessed using two-photon microscopy (Zeiss NSM/NLO 510 confocal/multi-photon). Astrogliotic alterations were assessed using epifluorescence microscopy (Eclipse TE300, Nikon, Melville, NY) with images digitally captured (DKC5T5/DMC, Sony, Tokyo, Japan) and analyzed using Image-Pro Plus (Media Cybernetics, Silver Spring, MD). The number of GFAP + hypertrophic processes was quantified per sample area, and matrix CSPG expression was quantitatively assessed based on intensity relative to background using Image-Pro Plus.
CSPG secretion
Two days following experimental treatment, medium was sampled for analysis from co-cultures treated with TGF-β1, subjected to mechanical loading at 1, 10 and 30 s − 1 , or controls (n = 3-9 per group). CSPG production and extracellular expression in 3-D cultures were quantified using a colorimetric assay (Blyscan ® ; Biocolor Assays, Newtownabbey, Northern Ireland). Briefly, medium was sampled from the 3-D cultures and treated with 1,9-dimethylmethelyne blue, a specific label for the sulfated polysaccharide component of proteoglycans and/or the protein-free sulfated glycosaminoglycan chains. Colorimetric alterations were assessed using a plate reader and results quantified using a standard curve for CSPG.
Development of outcome measures
Co-cultures were subjected to longer-term TGF-β1 treatment and immunostained for markers of reactive astrogliosis in order to determine acceptable outcome measures for this system. Specifically, 3-D neuronal co-cultures were treated with TGF-β1 from 21 to 36 DIV (10 ng/mL, added fresh every other day) or left as untreated controls (n = 4 each). At 36 DIV, cultures were fixed, processed and immunolabeled for GFAP and CS-56 with Hoechst counterstaining (as described above).
Statistical analysis
Analysis of variance (ANOVA) was performed on quantitative results from the viability, immunocytochemistry and colorimetric studies. When significant differences existed between groups, post hoc Tukey's pair-wise comparisons were performed ( p < 0.05 required for significance in all statistical tests). Data are presented as mean ± standard deviation.
